Tuberculosis, caused by the bacillus Mycobacterium tuberculosis, remains a global health problem accounting for over two million deaths annually (23). The ability to survive in host phagocytes is a poorly understood virulence property of M. tuberculosis. The M. tuberculosis proteins exported to the bacterial cell surface or secreted by the bacillus are ideally positioned to interact with host cell components and include virulence factors that promote intracellular survival.
Tuberculosis, caused by the bacillus Mycobacterium tuberculosis, remains a global health problem accounting for over two million deaths annually (23) . The ability to survive in host phagocytes is a poorly understood virulence property of M. tuberculosis. The M. tuberculosis proteins exported to the bacterial cell surface or secreted by the bacillus are ideally positioned to interact with host cell components and include virulence factors that promote intracellular survival.
Our understanding of how exported mycobacterial proteins are transported beyond the cytoplasmic membrane is limited (42) . In bacteria, the well-characterized general secretion (Sec) pathway transports unfolded proteins across the cytoplasmic membrane to their final destination (for reviews, see references 19 and 56) . Proteins targeted to this system contain specific N-terminal signal sequences (ss) that consist of a positively charged region followed by a stretch of hydrophobic residues and end with a short uncharged polar region. Upon export, the signal sequence is cleaved, yielding the mature protein. The Sec pathway is also involved in the insertion of some integral membrane proteins, and in these cases the signal sequences are not always cleaved (18) . Numerous Sec proteins are required for the operation of this pathway, including SecA, which provides the energy to move unfolded proteins through the Sec pore (19, 56) . Mycobacteria possess a functional Sec pathway and the unusual property of having two SecA proteins (11, 12) .
Recent studies reveal that many bacteria also utilize a twinarginine translocation (Tat) pathway to transport proteins across the cytoplasmic membrane. The Tat pathway operates independently of the Sec pathway and is distinguished by the ability to translocate proteins in a folded state. Although studies of Escherichia coli provide the majority of information regarding the Tat pathway (for reviews, see references 13 and 59) , the list of prokaryotic organisms experimentally shown to possess a functional Tat export pathway is expanding and includes gram-positive bacteria such as Bacillus subtilis and Streptomyces spp. (40, 66, 67) . In addition, the Tat pathway was shown to function in some bacterial pathogens and to contribute to virulence in Pseudomonas aeruginosa, Agrobacterium tumefaciens, enterohemorrhagic E. coli O157:H7, and Legionella pneumophila (22, 55, 60, 79) .
Substrates of the Tat pathway are synthesized as precursor proteins containing N-terminal signal sequences with the same overall structure as Sec signal sequences. The major distinction between Sec and Tat signal sequences is the presence of a characteristic twin-arginine motif in the charged region of Tat signal sequences, defined as R-R-X--(where is an uncharged residue) (4, 6) . The importance of the twin arginines "RR" to Tat export was shown by conservative substitution with twin lysines "KK" in Tat signal sequences, which eliminates the export of many native Tat substrates and Tat-dependent reporter proteins (17, 30, 73) . However, the requirement for twin arginines in a Tat-exported protein is not absolute since there are reported examples of Tat substrates that lack a characteristic "RR" signature (33, 36) . Additional elements, such as the degree of hydrophobicity in the region following the R-R-X--motif and the presence of a positively charged residue near the end of the signal sequence, may also play a role in Tat-dependent export (17) .
In E. coli, the Tat translocation apparatus is composed of the TatA, TatB, and TatC proteins (63) . E. coli has an additional TatA homologue, designated TatE, which has overlapping functions with TatA. TatA and TatB are similar in structure, with each having a single transmembrane domain and a cytoplasmic tail (64) . A number of GC-rich gram-positive bacteria lack tatB (21) , and in these bacteria TatA likely fulfills the function of both TatA and TatB. TatC is a more complex protein containing four to six transmembrane domains (9, 28) . Current models suggest that TatC and TatB are involved in the initial recognition and delivery of Tat substrates to the protein conducting channel, composed of an oligomer of TatA (5, 27) . In all reported cases, deletions of tatA, tatB, or tatC yield viable mutants with defects in the export of Tat signal sequencecontaining proteins (9, 22, 40, 63, 66, 79) .
We describe here an analysis of the Tat pathway in the fast-growing nonpathogen Mycobacterium smegmatis, often used as a genetic model for investigating physiologic properties of mycobacteria. We demonstrate that the Tat pathway is functional in M. smegmatis. Furthermore, we show that an intact Tat system is required for optimal growth of M. smegmatis in vitro and for the export of active mycobacterial ␤-lactamases. We also demonstrate the potential for using a truncated ␤-lactamase (ЈBlaC) lacking its native Tat signal sequence as a reporter for Tat-dependent exported proteins, including virulence factors of M. tuberculosis.
MATERIALS AND METHODS
Bacterial strains and culture methods. The strains used during this work are listed in Table 1 . E. coli strains DH5␣, TOP10 (Invitrogen), EP1300 (Epicentre), and EZ (Qiagen) were used for DNA cloning procedures. Luria-Bertani (LB) medium (Fisher) was used for culturing of E. coli, and antibiotics were added at the following concentrations: 150 g/ml, hygromycin B (Roche Applied Science); 100 g/ml, ampicillin; or 40 g/ml, kanamycin (Acros Chemicals). Middlebrook 7H9 or 7H10 medium (Difco; BD Biosciences) was used for the culturing of M. smegmatis and M. tuberculosis. For growth of M. smegmatis, Middlebrook medium was supplemented with 0.5% glycerol and 0.2% dextrose. For growth of M. tuberculosis, Middlebrook medium was supplemented with 0.5% glycerol and 1ϫ ADS (albumin dextrose salt; 0.5% bovine serum albumin, fraction V [Roche]; 0.2% dextrose; and 0.85% NaCl). When necessary, media were supplemented with 0.05 to 0.1% Tween 80 (Fisher). Antibiotics were added to Middlebrook media at the following concentrations: 50 g/ml, hygromycin B; 50 g/ml, carbenicillin; or 20 g/ml, kanamycin. When necessary, sucrose was added to 7H10 plates at a concentration of 4.5%. L-Lysine at 40 and 80 g/ml was added to agar and liquid media, respectively, for growth of M. smegmatis strains PM759 and JM578.
Molecular biology procedures. Standard molecular biology techniques were employed as previously described (61) . The Expand high-fidelity PCR system (Roche) was used for all PCRs from chromosomal DNA, and dimethyl sulfoxide at 5.0% was included in select PCRs. DNA sequencing was performed at the UNC-CH Automated DNA Sequencing Facility.
Construction of ⌬tat suicide plasmids. (i) ⌬tatA suicide plasmid pKEH4. Genomic sequences immediately upstream and downstream of the tatA gene, including the 5Ј and 3Ј termini of tatA, were amplified from M. smegmatis genomic DNA by using the following primers: tatAUpstream1 (5Ј-AGATATC CTCCGCAGGCGTGGATCAT), tatAUpstream2 (5Ј-ACATATGGGTTACCT CCAGAACGTCGGTG), tatADownstream1 (5Ј-TCATATGCAGTCCACGGA CCGGCACAC), and tatADownstream2 (5Ј-CGACTTCCAGCAGCACCG TCA) (underlined residues denote the NdeI-XbaI restriction sites). The PCR products were cloned into the pCR2.1 vector (Invitrogen) to generate pKEH1 and pKEH2. The NdeI-XbaI fragment from pKEH2 containing the downstream tatA flank was cloned into NdeI-XbaI cut pKEH1. The resulting plasmid, pKEH3, contained a 221-bp unmarked in-frame deletion of tatA. The 1.7-kbp tatA deletion fragment was then cut out of pKEH3 by EcoRV and cloned into the EcoRV site on counterselectable suicide vector pYUB657 (51), generating pKEH4. DNA inserts in the above plasmids were sequenced and determined to be error free.
(ii) ⌬tatC suicide plasmid pJM112. Genomic sequences immediately upstream and downstream of the tatC gene, including the 5Ј and 3Ј termini of tatC, were amplified from M. smegmatis genomic DNA by using the following primers: SmTatC1 (5Ј-GCGTGGATGTTCGACTACTACC), SmTatC2 (5Ј-AAGCTTG TTGCGAAGCTCGTGGAGGTG), SmTatC3 (5Ј-AAGCTTCTCAACGACCG CAGGAAGGC), and SmTatC4 (5Ј-GCAGGTGCAGGATGACCTCTTC) (underlined residues denote the HindIII restriction sites). The PCR products were cloned into the pCC1 vector by using a CopyControl PCR cloning kit (Epicentre) to generate pJM104 and pJM105. A 753-bp HindIII fragment from pJM104 containing the upstream tatC flank was cloned into pJM105 cut with HindIII. The resulting plasmid, pJM110, contained a 690-bp unmarked in-frame deletion of the tatC gene. The 1.3-kbp tatC deletion fragment was then cut out of pJM110 by BamHI and cloned into the BglII site on counterselectable suicide vector pYUB657 (51), producing pJM112. DNA inserts were sequenced and determined to be error free. Two-step allelic exchange to create ⌬tat mutants of M. smegmatis. To construct the ⌬tatA mutants, pKEH4 was electroporated into M. smegmatis strain mc 2 155 as described previously (50, 51) , and hygromycin-resistant transformants were selected. Individual transformants were subjected to Southern analysis and shown to contain the suicide vector integrated into the tatA region of the chromosome by means of a single-crossover event. One of these strains, MB679, was employed in the subsequent steps. For the second homologous recombination event, MB679 was grown to saturation in 7H9 medium with hygromycin. This culture was then subcultured at a 1:100 dilution into the same medium lacking hygromycin and incubated overnight. Dilutions were plated onto 7H10 plates containing 4.5% sucrose to select for sucrose-resistant colonies. Sucrose-resistant strains were patched onto 7H10 plates containing hygromycin. Strains that were both sucrose resistant and hygromycin sensitive were analyzed by PCR and Southern analysis for a deletion at the tatA locus. The same procedure was performed in the ⌬blaS PM759 background to generate a ⌬blaS ⌬tatA deletion strain. To obtain ⌬tatC mutants, pJM112 was electroporated into mc 2 155 and hygromycin-resistant transformants were confirmed by Southern analysis to be the result of a single-crossover event. One of these clones, JM499, was used for the subsequent work presented in this report. The second homologous recombination event was selected by using the protocol described above for MB679.
Southern analysis. To analyze tatA recombinants, genomic DNA was isolated from M. smegmatis strains as previously described (10) and digested with NdeIFspI. The probe used was a 910-bp SalI fragment of pJM120 containing tatC of M. smegmatis. To analyze tatC recombinants, genomic DNA was isolated and digested with FspI. The probe used was a 753-bp HindIII fragment obtained from pJM104 that contains tatA of M. smegmatis. Southern analysis was performed as previously described (61) , and probes were labeled with [ 32 P]dCTP by using a Ready-to-Go labeling kit (Amersham).
Antimicrobial susceptibility testing. The replica-inoculating MIC method used was adapted from a previously described protocol (71) . Mid-exponentialphase M. smegmatis cultures were diluted 10-fold in 7H9 liquid medium and spotted using a multipronged replica-inoculating device onto 7H10 agar plates containing twofold dilutions of carbenicillin. Culture dilutions containing an estimated 10 2 to 10 4 CFU of M. smegmatis resulted in confluent growth on agar plates lacking carbenicillin. For plates containing antibiotic, the lowest concentration of carbenicillin that inhibited growth completely after incubation for 4 days was designated the MIC. Each MIC determination was performed in triplicate. For determining sensitivity to sodium dodecyl sulfate (SDS), mid-logphase M. smegmatis cultures were diluted 10-fold in 7H9 liquid medium and spotted using a multipronged replica-inoculating device onto 7H10 agar plates containing 0.0025% SDS.
Preparation of culture filtrates and whole-cell extracts from M. smegmatis for nitrocefin analysis. To obtain cell-free culture filtrates, exponential-phase M. smegmatis cultures were diluted to an optical density at 600 nm (OD 600 ) of 0.1 and allowed to grow at 37°C for two generations. When the culture reached an OD 600 of 0.4, 500 l was applied to a 0.2-m Nanosep centrifugal filter (Filtron; Pall) and the culture filtrate was harvested by centrifugation at 13,000 rpm. Alternatively, culture filtrates were harvested using a 0.22-m Millex-GV syringe-driven filter unit (Millipore). Whole-cell extracts were prepared from the remaining culture by harvesting 10 ml of culture by centrifugation, and the pellets were stored at Ϫ20°C. At a later time, the pellets were resuspended in 200 l of 1ϫ phosphate-buffered saline (PBS) with protease inhibitors (10 g/ml aprotinin, 10 g/ml E-64, 10 g/ml leupeptin, 500 g/ml Pefabloc SC, and 10 g/ml pepstatin A), to which 0.4 g of 106-m glass beads (Sigma) was added. The cells and beads were then vortexed twice for 5 min at 4°C, with a 5-min rest on ice. Two hundred microliters of 1ϫ PBS with protease inhibitors was added, followed by vortexing and then centrifugation for 10 min at 4°C. Culture filtrates and cell extracts were assayed for total protein content by using a bicinchoninic acid protein quantification kit (Pierce).
Nitrocefin assays. The ␤-lactamase activities of M. smegmatis whole-cell extracts and culture filtrates were determined by using the chromogenic ␤-lactam nitrocefin (46), as previously described (25) . Assays were performed on triplicate wells set up from a single culture, and ␤-lactamase activities, expressed as A 486 min Ϫ1 mg total protein Ϫ1 , were reported as averages with standard deviations. Each experiment was repeated three times, and a representative experiment is presented.
Construction of blaC fusion plasmids. (i) ss-plcA. The genomic sequence encoding the predicted signal sequence of M. tuberculosis plcA was amplified from M. tuberculosis genomic DNA by using the following primers: plcA-1 (5Ј-TGGCCAGC-CGTCGAGAGTTTTTGACAAAG) (underlined residues denote the MscI restriction site) and plcA-3 (5Ј-GGATC-CGCCGTAGGCCTTT TCAATCA) (underlined residues denote the BamHI restriction site). The 104-bp PCR product was cloned into the pCR2.1 vector (Invitrogen) to generate pJM128. A 96-bp MscI-BamHI fragment from pJM128 was cloned into pMV261 cut with MscI-BamHI. The resulting plasmid, pJM129, contained the predicted signal sequence of plcA cloned downstream of the hsp60 promoter.
(ii) ss-plcB. The genomic sequence encoding the predicted signal sequence of M. tuberculosis plcB was amplified from M. tuberculosis genomic DNA by using the following primers: plcB-1 (5Ј-ATGGCC-ACCCGCCGACAATTTTTTGC) (underlined residues denote the MscI restriction site) and plcB-3 (5Ј-GGATC C-TCCGTAGGCTTTTTCGATA) (underlined residues denote the BamHI restriction site). The 104-bp PCR product was cloned into the pCR2.1 vector (Invitrogen) to generate pMB221. A 104-bp MscI-BamHI fragment from pMB221 was cloned into pMV261 cut with MscI-BamHI. The resulting plasmid, pMB222, contained the predicted signal sequence of plcB cloned downstream of the hsp60 promoter.
(iii) ss-mpt63. The genomic sequence containing the 5Ј region of the mpt63-Rv1926c gene was amplified from M. tuberculosis genomic DNA by using the following primers: Rv1926c-5 (5Ј-CTGCGCAT-GAAGCTCACCACAATGAT CAAG) (underlined residues denote the FspI restriction site) and Rv1926c-6 (5Ј-AGGATCC-AGCCAACGCGACCGGTGCCGCAAAG) (underlined residues denote the BamHI restriction site). The 94-bp PCR product was cloned into the pDRIVE vector (Qiagen) to generate pMB226. A 94-bp FspI-BamHI fragment from pMB226 was cloned into pMV261 cut with MscI-BamHI. The resulting plasmid, pMB228, contained the predicted signal sequence of mpt63 cloned downstream of the hsp60 promoter.
(iv) blaC. The sequence encoding a truncated version of M. tuberculosis blaC lacking its predicted signal sequence (ЈblaC) was amplified from pMP159 (25) by using the following primers: blaCfor1 (5Ј-AGATCTGCG-CGTCCGGCATCG ACAACCTTGC) and blaCrev (5Ј-AGATCT-CCACGAGCCTATGCAAGCA CAC) (underlined residues denote the BglII restriction sites). The 854-bp PCR product was cloned into the pCC1 vector (Epicentre) to generate pJM106. An 848-bp BglII fragment from pJM106 was end filled with Klenow and cloned into pMV261 cut with MscI. The resulting plasmid, pJM113, contained the predicted mature sequence of blaC cloned downstream of the hsp60 promoter. All other plasmids used in this work are described in Table 2 . Translational fusion plasmids were sequenced and shown to be error free.
Site-directed mutagenesis of blaC fusion plasmids. Site-directed mutagenesis was employed to replace the twin-arginine residues of the M. tuberculosis PlcB signal sequence with twin-lysine residues. pJM111 was used as the template in an inverse PCR using primers plcB-RR2KKfor (5Ј-AAGCAATTTTTTGCCAAA GCCGCC) and plcB-RR2KKrev (5Ј-CTTGGTGGCCATTGCGAAGTGATT) (underlined residues denote mutated bases). The resulting PCR product was gel purified, 5Ј-phosphorylated using an End-It DNA end repair kit (Epicentre), and self ligated. The resulting plasmid, pJM118, was sequenced to verify the presence of the mutated bases. Likewise, to replace the twin-arginine residues of the BlaC signal sequence with twin-lysine residues, pMP327 was used as the template in an inverse PCR using primers blaC-RR2KKfor (5Ј-AAGGAACTGCTGGTAGCG ATGGCAATG) and blaC-RR2KKrev (5Ј-CTTACCGAATCCTCTGTTGCGC ATGCC). The resulting plasmid, pJM117, was sequenced to verify the presence of the mutated bases.
Nucleotide sequence accession number. The DNA sequence of a 2,018-bp cloned product containing the M. smegmatis tatA and tatC open reading frames (ORFs) was submitted to GenBank and given the accession number AY998985. (58) and the major ␤-lactamase BlaC (25, 78) . Our inspection of the amino terminus of the major ␤-lactamase of M. smegmatis, BlaS (25, 44) , also revealed a potential Tat signal sequence. The identification of putative Tat components and Tat-exported substrates in mycobacteria strongly suggested the existence of a functional Tat pathway.
RESULTS

Identification of a putative Tat system in mycobacteria.
M. smegmatis tatA and tatC deletion mutants have growth defects. To examine the functional nature of the predicted Tat pathway in mycobacteria, in-frame and unmarked deletion alleles of the tatA and tatC genes were generated in M. smegmatis by using a two-step allelic-exchange strategy (10, 50) . To construct the ⌬tatA mutant, we electroporated the suicide plasmid pKEH4, containing an in-frame unmarked deletion within M. smegmatis tatA, into wild-type M. smegmatis mc 2 155. This ⌬tatA deletion allele is predicted to produce a truncated protein of 34 amino acids (in comparison to the wild-type protein of 106 amino acids). Integration of pKEH4 at the tatA chromosomal locus via a single homologous recombination event yielded the single-crossover strain MB679. This single-crossover strain contained both a wild-type copy and a deleted copy of tatA along with the intervening pKEH4 vector sequence carrying the selectable hygromycin resistance gene and the counterselectable sacB marker. Southern blot analysis confirmed successful construction of the single-crossover strain (Fig. 1) .
We employed the same strategy to construct a single-crossover strain for generation of a ⌬tatC mutant by using the suicide plasmid pJM112, which contained an in-frame deletion within M. smegmatis tatC. This tatC deletion is predicted to produce a truncated protein of 87 amino acids (in comparison to the wild-type protein of 317 amino acids) which lacks the six transmembrane domains. Southern blot analysis confirmed construction of the tatC single-crossover strain JM499 (Fig. 1) .
Our initial attempts to isolate secondary recombinants with tat deletions from the single-crossover strains yielded only wild-type alleles at both the tatA and tatC loci. This strongly suggested that, under the growth conditions tested, a tat deletion in M. smegmatis was lethal and that the Tat pathway was essential for growth. However, further incubation for 2 additional days at 37°C yielded a population of slow-growing secondary recombinants. These small colonies were subsequently proven by PCR (data not shown) and Southern blot analysis (Fig. 1) to be tatA or tatC deletion mutants. The ⌬tatA and ⌬tatC mutants represented 65% and 32% of the total secondary recombinants, respectively. All of the ⌬tatA and ⌬tatC mutants obtained formed single colonies on both minimal 7H10 and rich LB agar media that were smaller than those of wild-type M. smegmatis (Fig. 2A) . The M. smegmatis ⌬tatA mutant strain MB692 and ⌬tatC mutant strain JM567 were used for all subsequent analyses (Table 1) .
We compared growth of the ⌬tat mutants to that of wildtype M. smegmatis in Middlebrook 7H9 liquid medium. Growth of the mutants over time was determined by measuring the OD 600 and by plating for CFU. The ⌬tatC mutant had lower OD 600 readings than the wild-type strain throughout the growth curve (Fig. 2B) . However, there was no difference in the numbers of counted CFU during liquid growth between the ⌬tatC mutant and wild-type M. smegmatis strains (Fig. 2C) . The same phenotypes were observed for the ⌬tatA mutant (data not shown). Thus, the ⌬tat mutants appeared to replicate at the same rate as wild-type M. smegmatis in liquid medium, even though slower-growing colonies were observed with agar medium. The basis for the discrepancy between OD 600 readings and viable CFU in culture is not clear.
Complementation analysis of the ⌬tatA mutant (MB692) was performed with a single-copy plasmid, pJM124, that ex- presses M. smegmatis tatA from the constitutive hsp60 promoter. For the ⌬tatC mutant (JM567), the multicopy plasmid pJM120, which constitutively expresses M. smegmatis tatC from the hsp60 promoter, was used. Introduction of these tat expression constructs into the respective ⌬tat mutants successfully rescued the mutant phenotypes: small-colony growth on agar and reduced OD 600 readings during liquid culture (Fig. 2) . The complementation experiments demonstrated that the ⌬tat mutations are responsible for the observed phenotypes and indicated that both TatA and TatC of M. smegmatis are functional and required for optimal in vitro growth. M. smegmatis tat mutants are sensitive to SDS. Tat-deficient mutants of E. coli are hypersensitive to the detergent SDS (38, 72) . To determine if the M. smegmatis ⌬tatA and ⌬tatC mutants were similarly hypersensitive to SDS, we compared the abilities of the mutant strains to grow on agar media containing SDS by using a replica-inoculating protocol (described in Materials and Methods) (71) . The ⌬tatA and ⌬tatC mutants failed to grow in the presence of 0.0025% SDS, in contrast to growth observed for the wild-type strain (Fig. 3) . This was true even after extended incubation (data not shown). Growth of the ⌬tat mutants on 0.0025% SDS was restored to wild-type levels when complemented with Tat proteins expressed in trans. The failure of the ⌬tat mutants to grow on medium containing SDS was not a result of the general growth defect on agar medium, as the ⌬tat mutants grew on agar media lacking SDS, albeit more slowly (Fig. 3) .
M. smegmatis tat mutants are sensitive to ␤-lactam antibiotics. Tat-deficient mutants of E. coli are also hypersusceptible to multiple antibiotics, including the ␤-lactam ampicillin (72) . We similarly tested the ⌬tatA and ⌬tatC mutants of M. smegmatis for drug susceptibility. ␤-Lactam susceptibility was assayed by determining the MIC of carbenicillin, using a replicainoculating protocol on 7H10 agar medium (described in Materials and Methods) (71) . In contrast to wild-type M. smegmatis, which is intrinsically resistant to ␤-lactam antibiotics and had an MIC of Ͼ200 g/ml for carbenicillin, the MIC for the ⌬tatA and ⌬tatC mutants was 5 g/ml. The complemented strains were resistant to Ͼ200 g/ml carbenicillin, indicating that increased susceptibility of the mutants to carbenicillin was due to the ⌬tat mutations. Similar results were obtained using a disk diffusion assay to test susceptibility to the ␤-lactams carbenicillin, ampicillin, and amoxicillin (data not shown). In both the MIC and disk diffusion assays, the sensitivity of the ⌬tat mutants was comparable to the sensitivity of a ⌬blaS mutant lacking the major M. smegmatis ␤-lactamase. In contrast to the results with the ␤-lactam antibiotics, the ⌬tatA and ⌬tatC mutants exhibited no increased sensitivity to the other antibiotics tested (5 g isoniazid, 25 g rifampin, 25 g ethambutol, 12.5 g streptomycin, 20 g tetracycline, and 20 g vancomycin). Thus, the ␤-lactam-sensitive phenotype of the M. smegmatis ⌬tat mutants is a specific phenomenon and not the result of a general increase in drug susceptibility.
␤-Lactamase export requires the Tat pathway of M. smegmatis. The major ␤-lactamases BlaC and BlaS are required for the ␤-lactam resistance of M. tuberculosis and M. smegmatis, respectively (25, 44, 78) . Since ␤-lactam antibiotics target extracytoplasmic cell wall biosynthetic enzymes, a ␤-lactamase must be exported to the cell envelope or extracellular environment in order to protect the bacterium. Inspection of the N termini of BlaC and BlaS revealed a twin-arginine motif, suggesting that both enzymes are exported by the Tat pathway. We hypothesized that the ␤-lactam sensitivity phenotype of the ⌬tatA and ⌬tatC mutants of M. smegmatis was due to a defect in export of the putative Tat substrate BlaS. It was previously reported that during liquid growth M. smegmatis releases ␤-lactamase into the medium (57) . To test whether M. smegmatis ␤-lactamase export depends upon the Tat pathway, we assayed short-term cell-free culture filtrates from the ⌬tat mutants for ␤-lactamase activity by using the chromogenic ␤-lactam nitrocefin.
Substantially less ␤-lactamase activity was observed for culture filtrates produced from the ⌬tatA and ⌬tatC mutants than for wild-type M. smegmatis (Fig. 4A) . The ⌬tat mutant levels were comparable to that observed with the ⌬blaS mutant. The low levels of nitrocefin hydrolyzing activity detected for the ⌬blaS and ⌬tat strains were largely attributable to background from the 7H9 medium (Fig. 4A) . To rule out the possibility that the reduced ␤-lactamase activity in culture filtrates of the ⌬tat mutants was due to reduced expression, we measured the nitrocefin hydrolyzing activity of whole-cell extracts of the strains. This analysis revealed ␤-lactamase expression with more cell-associated activity for the ⌬tat mutants than for the ⌬blaS mutant (Fig. 4B) . Further, a fivefold higher level of ␤-lactamase activity was associated with whole-cell extracts of the ⌬tat mutants than with the wild-type strain. This suggests that in the absence of Tat export ␤-lactamase accumulates with the cells of the ⌬tat mutants and that ␤-lactamase activity is specifically reduced in the culture filtrates of the ⌬tat mutants. As seen in Fig. 4B , whole-cell extracts of the ⌬blaS mutant did not exhibit a complete lack of nitrocefin hydrolyzing activity, presumably due to the expression of the BlaE protein. BlaE was recently shown to have a minor contribution to the total ␤-lactamase activity of M. smegmatis, without contributing significantly to resistance (25) . Examination of the BlaE protein sequence revealed a Sec-like signal sequence. When complemented, the ⌬tatC mutant showed wild-type ␤-lactamase activity in the culture filtrate. Complementation of the ⌬tatA mutant also resulted in an increase in culture filtrate ␤-lactamase activity, although to a reduced degree. These results indicate a defect in ␤-lactamase export by the ⌬tat mutants and serve to explain the increased ␤-lactam sensitivity observed in the absence of TatA and TatC.
Export of active M. tuberculosis BlaC depends on the Tat pathway and a twin-arginine signal sequence. The above results strongly suggest that the M. smegmatis ␤-lactamase is a Tat substrate. Like BlaS, the major ␤-lactamase of M. tuberculosis (BlaC) has a predicted Tat signal sequence ( 3 CFU was spotted onto plates with and without 0.0025% SDS by using a multipronged replica-inoculating device as described in Materials and Methods. The following strains were used: wild-type (mc 2 155, pMV261), ⌬tatC mutant (JM567, pMV261), complemented ⌬tatC strain (JM567, pJM120), ⌬tatA mutant (MB692, pMB198), and complemented ⌬tatA attB::tatA strain (MB692, pJM124).
FIG. 4.
Nitrocefin assays with culture filtrates and whole-cell extracts of M. smegmatis wild type and ⌬tatA and ⌬tatC mutants. Short-term culture filtrates (A) and whole-cell extracts (B) of log-phase M. smegmatis cultures were assayed for the ability to hydrolyze nitrocefin. Strains used were as follows: wild type (mc 2 155, pMV261), ⌬blaS (PM759, pMV261), ⌬tatC mutant (JM567, pMV261), complemented ⌬tatC strain (JM567, pJM120), ⌬tatA mutant (MB692, pMB198), and complemented ⌬tatA attB::tatA strain (MB692, pJM124). Liquid culture medium (7H9) was used. Nitrocefin hydrolyzing activity was expressed as A 486 min Ϫ1 mg total protein Ϫ1 and was standardized to PBS. Shown is a representative assay, reported as averages Ϯ standard deviations.
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MYCOBACTERIAL Tat-DEPENDENT PROTEIN EXPORT  7673 responding ⌬bla mutants are sensitive to ␤-lactams, failing to grow on 7H10 agar medium containing 50 g/ml of carbenicillin. When full-length M. tuberculosis BlaC was expressed from plasmid pMP327 in M. smegmatis ⌬blaS and M. tuberculosis ⌬blaC mutants, the strains were resistant to carbenicillin (Table 4 ). This ␤-lactam resistance was dependent on BlaC export, since expression of a truncated ЈBlaC lacking the native signal sequence, from plasmid pJM113, in either M. smegmatis ⌬blaS or M. tuberculosis ⌬blaC did not allow growth on carbenicillin containing agar medium (Table 4) . Whole-cell extracts of M. smegmatis ⌬blaS carrying pJM113 assayed for nitrocefin activity revealed a ␤-lactamase activity 20-fold higher than that of M. smegmatis ⌬blaS, confirming that truncated ЈBlaC was expressed in this strain (Fig. 5A) . Based on the above results, we used ␤-lactam resistance as an indicator of the export of the functional BlaC enzyme in the following experiments. Unlike the results obtained when we expressed full-length BlaC in the ⌬blaS M. smegmatis mutant, expression of full-length BlaC in an M. smegmatis ⌬tatA ⌬blaS double mutant did not protect against ␤-lactams. Nitrocefin analysis of whole-cell extracts of M. smegmatis ⌬tatA ⌬blaS carrying pMP327 demonstrated that BlaC was expressed in this strain (Fig. 5B) . Thus, the Tat pathway also appears to function in BlaC export.
In addition, we tested the significance of the twin-arginine motif in the BlaC signal sequence to the export of BlaC by using mutants in which the twin-arginine "RR" residues were substituted with conservative twin-lysine "KK" residues [BlaC(KK)] (Table 3) . Similar substitutions in Tat substrates from other bacteria have revealed the importance of the "RR" dipeptide in Tat export (1, 20, 37, 73, 80) . Expression of BlaC(KK) from plasmid pJM117 did not protect the ⌬bla mutants of M. smegmatis and M. tuberculosis from carbenicillin (Table 4 ). Nitrocefin analysis of M. smegmatis whole-cell extracts confirmed that BlaC(KK) was expressed from plasmid pJM117 in the ⌬blaS background (Fig. 5A) . This result further demonstrates that M. tuberculosis BlaC is a Tat substrate.
Truncated BlaC can be used as a reporter of Tat export in mycobacteria. Since BlaC activity was dependent on the Tat pathway and an intact twin-arginine signal sequence, we tested whether truncated ЈBlaC could report on the export of other Tat substrates. Plasmids pJM130 and pJM111, expressing ssPlcA-ЈBlaC and ss-PlcB-ЈBlaC fusion proteins, in which the putative Tat signal sequences of M. tuberculosis PlcA and PlcB were fused in-frame and upstream of truncated ЈBlaC (Table  3) , respectively, were electroporated into ⌬blaS M. smegmatis and ⌬blaC M. tuberculosis. All of the resulting strains were ␤-lactam resistant (i.e., grew in the presence of carbenicillin) ( Table 4 ). This indicates that the PlcA and PlcB signal sequences direct export of functional ЈBlaC in M. smegmatis and
M. tuberculosis.
Additional experiments demonstrated that the ␤-lactam protection observed with the ss-PlcA-ЈBlaC and ss-PlcB-ЈBlaC fusions was dependent on Tat export. First, TatA was required for ␤-lactam resistance, as shown by the failure of either ssPlcA-ЈBlaC or ss-PlcB-ЈBlaC to protect against carbenicillin when expressed in the M. smegmatis ⌬tatA ⌬blaS double mutant (Table 4) . Second, a ss-PlcB-ЈBlaC fusion engineered to have a twin-lysine (KK) substitution for the twin arginines (RR) in the signal sequence (expressed from plasmid pJM118) did not protect against carbenicillin when expressed in the ⌬blaS and ⌬blaC strains of M. smegmatis and M. tuberculosis (Tables 3 and 4) . Cell lysates from all of these strains possessed ␤-lactamase activity by nitrocefin analysis (Fig. 5) . These results reveal a role for the Tat pathway and the "RR" motif in . Signal sequences of Mpt63 and FbpB were determined previously (35) . Underlined residues denote the start of ЈBlaC in the fusion constructs, residues in italics are derived from the Hsp60 coding region, and boldface indicates the predicted twin-arginine motif. 
a All strains carrying a vector were resistant to 20 g/ml kanamycin as a result of the vector resistance marker. Carbenicillin resistance and sensitivity were determined by the presence (ϩ) or absence (Ϫ) of single-colony growth on 7H10 plates containing 50 g/ml carbenicillin and 20 g/ml kanamycin. ND, not done.
b WT, wild type. (35) , and both of these proteins have putative Sec signal sequences (Table 3) (43) . Plasmids pMB228 (ss-Mpt63-ЈBlaC) and pJM109 (ss-FbpB-ЈBlaC) were tested in M. smegmatis ⌬blaS and M. tuberculosis ⌬blaC. Both ss-Mpt63-ЈBlaC and ss-FbpBЈBlaC failed to protect the bla mutants from carbenicillin (Table 4). Nitrocefin analysis of whole-cell lysates of ⌬blaS M. smegmatis carrying pMB228 (ss-Mpt63-ЈBlaC) revealed a very low level of ␤-lactamase activity, while ⌬blaS M. smegmatis carrying pJM109 (ss-FbpB-ЈBlaC) did not exhibit any detectable activity (Fig. 5A) . The different outcomes of testing these ss-Sec-ЈBlaC fusions suggests that, unlike Tat signal sequences, Sec signal sequences are unable to promote export of a functionally active ЈBlaC.
DISCUSSION
Here we report the functional characterization of the Tat pathway in mycobacteria. Our study shows that deletion of the tatA and tatC genes in M. smegmatis results in slow growth on agar medium, hypersensitivity to SDS, and sensitivity to ␤-lactam antibiotics. The diverse phenotypes we observed suggest that the mycobacterial Tat pathway exports multiple substrates.
Our first attempts to construct tatA and tatC deletion mutants from merodiploid single-crossover strains were problematic and suggested that the Tat pathway was essential in M. smegmatis. This was consistent with transposon site hybridization (TraSH) analysis of M. tuberculosis, which defined tatC as an essential gene for optimal growth (65) . However, with extended incubation we recovered deletion mutants of tatA and tatC. Currently, the basis of the ⌬tat mutant growth defect is not clear. We hypothesize that mislocalization of a Tat substrate involved in nutrient uptake is responsible, since a number of M. tuberculosis Tat substrates, predicted by TATFIND, are homologous to periplasmic substrate-binding proteins of ABC transporters.
The M. smegmatis ⌬tatA and ⌬tatC mutants exhibited identical phenotypes, consistent with TatA and TatC being components of the same system. Research with other bacteria suggests that a functional Tat pathway requires a minimum of one TatA and one TatC homologue (7, 54 (32, 81) . However, the role of TatB in mycobacteria remains to be established. Unlike tatC, tatB of M. tuberculosis was described as nonessential by TraSH analysis (65) . Furthermore, mycobacterial tatB is located distantly from tatA and tatC in the chromosome. Instead, tatB is located with genes encoding E and potential regulators of E (sigE, rseA, and htrA). This has led to the proposal that TatB functions in E regulation, possibly as a specialized component of the Tat translocation system (45) .
Some of the phenotypes reported for tat mutants of other bacteria were also exhibited by the M. smegmatis ⌬tat mutants. Interestingly, the basis of these tat phenotypes is not necessarily conserved. For E. coli ⌬tat mutants, the SDS hypersensitivity phenotype was linked to impairment of cell division, as indicated by cell filamentation, and attributed to mislocalization of amidases carrying Tat signal sequences (38, 72) . Although the M. smegmatis ⌬tat mutants were also hypersensitive to SDS, no filamentation, morphological defect, or size difference was observed by light microscopy (data not shown). Furthermore, analysis of the protein sequences of putative mycobacterial amidases did not reveal recognizable Tat signal sequences. Consequently, we believe the basis of the SDS sensitivity phenotype for M. smegmatis ⌬tat mutants differs from that for E. coli. The drug sensitivity phenotype of the M. smegmatis ⌬tat mutants also differs from that for E. coli in being specific for ␤-lactams as opposed to a general increase in drug susceptibility due to a defect in the integrity of the cell envelope (72) .
Using multiple approaches, we demonstrated that mycobacterial ␤-lactamases are native Tat substrates. The ⌬tatA and ⌬tatC mutants of M. smegmatis failed to grow in the presence of 50 g/ml carbenicillin and exhibited a significant reduction in ␤-lactamase activity in the culture filtrate that was similar to the level observed with the ␤-lactam-sensitive ⌬blaS ␤-lactamase mutant. We further showed that expression of M. tuberculosis BlaC in the M. smegmatis ⌬blaS background protected against ␤-lactams in a Tat-dependent manner and that protection was dependent on the "RR" dipeptide in the twin-arginine motif. The latter experiments were performed with both M. smegmatis ⌬blaS and M. tuberculosis ⌬blaC strains.
To our knowledge, BlaS and BlaC are the first examples of Tat-exported ␤-lactamases. Since the Tat pathway exports folded proteins, the Tat-dependent nature of the mycobacterial ␤-lactamases may reflect rapid intracellular folding of the proteins prior to export. Cofactor-bound proteins are a common category of Tat substrates (48) , but BlaC and BlaS are homologous to cofactorless class A ␤-lactamases (25, 29, 44) . The primary amino acid sequences of BlaC and BlaS are only 37% identical, which suggests that the Tat dependence reflects a common requirement for Tat export as opposed to simple conservation among orthologues. Evaluation of bacterial genome databases reveals that Mycobacterium leprae and Mycobacterium fortuitum also have ␤-lactamases with predicted Tat signal sequences, as do a small number of additional nonmycobacterial species, including Burkholderia cepacia (77) , Burkholderia pseudomallei (15) , Nocardia asteroides (53), Streptomyces clavuligerus (52) , and Yersinia enterocolitica (68) .
Because ␤-lactams target proteins in the cell wall, ␤-lactamases must be exported to protect the cell. This feature of ␤-lactamase function was previously exploited in the development of TEM ␤-lactamase as a genetic reporter of protein export in E. coli and other bacteria (14, 49, 69) . Despite the appearance of a Sec-like signal sequence on the native TEM ␤-lactamase, the truncated reporter was shown to work with both Sec and Tat signal sequences (69, 74) . In an effort to develop a reporter of protein export that works directly in M. tuberculosis, we tested truncated ЈBlaC and protein fusions in which signal sequences were placed in-frame and upstream of ЈBlaC in ⌬blaS or ⌬blaC mycobacteria for the ability to protect against ␤-lactams. Of the four ЈBlaC fusions tested, only those with the putative Tat signal sequences (ss-PlcA-ЈBlaC and ss-PlcB-ЈBlaC) promoted growth on carbenicillin plates; the ss-Sec-ЈBlaC fusions (Mpt63 and FbpB) did not. These results indicate that Tat signal sequences can direct export of a functional ЈBlaC reporter but that the Sec signal sequences we tested cannot. This suggests that ЈBlaC will be a useful tool for studying the Tat pathway in mycobacteria and for identifying exported Tat substrates in M. tuberculosis by selecting active ЈBlaC fusions from expression libraries.
The plasmid pMM7-2 we used to express the ss-FbpB-ЈBlaC fusion was successful in expressing an active exported ssFbpB-ЈPhoA alkaline phosphatase fusion in M. smegmatis (data not shown). Thus, it appears that this FbpB signal sequence construct can drive export of functional Sec substrates, such as PhoA, but not of Tat substrates, like BlaC. Interestingly, the signal sequence of FbpB contains consecutive arginines (R 13 R 14 L 15 M 16 I 17 ) (Table 3 ). However, it possesses a region of high hydrophobicity following the R-R-X--motif, which is not characteristic of Tat substrates, and TATFIND did not predict FbpB to be a Tat substrate (21) . Our results with the ЈBlaC reporter are consistent with FbpB not being a Tat substrate.
Our inability to detect significant levels of ss-Sec-ЈBlaC fusion proteins by nitrocefin analysis of whole-cell extracts may reflect rapid degradation of fusions incompatible with export from the cytoplasm, as this is a common fate of nonexported Tat substrates (8, 17) . An alternate possibility is that the ssSec-ЈBlaC fusions are translocated by the Sec pathway in an unfolded state and that the resulting exported ЈBlaC is enzymatically inactive due to improper folding. In this latter scenario, ЈBlaC reports on Tat export because it is only functional if exported by the Tat pathway. A precedent for this type of Tat dependence is the export of green fluorescent protein by E. coli. When exported by the Tat pathway green fluorescent protein is active, but when exported by the Sec pathway it is inactive (24, 62, 76) .
We used the nitrocefin assay with whole-cell extracts as a way to assess fusion protein expression in carbenicillin-sensitive strains (Fig. 5) . Interestingly, this analysis also revealed substantial cell-associated ␤-lactamase activity in the ⌬blaS strain expressing full-length BlaC. This was surprising since our analysis of native M. smegmatis BlaS revealed a relatively low level of ␤-lactamase activity in the wild-type cell extract (Fig.  4B) . Comparison of BlaC and BlaS revealed a potential lipoprotein lipid attachment site at cysteine-24 of the BlaC predicted signal sequence (Table 3) Examination of the PlcA, PlcB, and PlcC proteins of M. tuberculosis reveals the presence of an N-terminal twin-arginine motif for each enzyme, and empirical evidence with M. tuberculosis demonstrates that these proteins are cell wall localized (39, 58) . There is a precedent for phospholipase C proteins being Tat substrates in Pseudomonas aeruginosa (79) . Using ss-PlcA-ЈBlaC and ss-PlcB-ЈBlaC fusions, we demonstrated Tat dependence for the signal sequences of the M. tuberculosis phospholipase C proteins. These ЈBlaC fusion proteins were active when expressed in a ⌬blaS background but not in a ⌬blaS ⌬tatA background. Furthermore, the "RR" dipeptide in the PlcB signal sequence was required for the export of an active ЈBlaC fusion, as shown by using the ssPlcB(KK)-ЈBlaC fusion protein. Interestingly, PlcA was not identified by the TATFIND program, presumably due to the presence of a negatively charged aspartic acid in the C-terminal region of the predicted signal sequence. In contrast, PlcB lacks this residue and was predicted by TATFIND to be a Tat substrate (21) . Our results with the PlcA signal sequence may reflect mycobacterial-specific properties of Tat signal sequences that are not incorporated into the TATFIND algorithm. Because the ЈBlaC reporter is a native mycobacterial protein dependent on a Tat signal sequence and Tat pathway for export, it may be able to identify mycobacterial Tat substrates overlooked by a bioinformatic approach.
Using M. tuberculosis phospholipase C mutants, Raynaud et al. demonstrated the contribution of PlcA, PlcB, and PlcC to the full virulence of M. tuberculosis in a mouse model of infection (58) . Similarly, a P. aeruginosa ⌬tatC mutant unable to export two phospholipase C proteins, PlcH and PlcN, is attenuated for virulence (47) . Additional bacterial pathogens (Agrobacterium tumefaciens, enterohemorrhagic E. coli O157: H7, and Legionella pneumophila) require a functional Tat pathway for full virulence, although the exported factors involved are not clearly defined (22, 55, 60) . We expect that the M. tuberculosis Tat pathway also contributes to pathogenesis by exporting virulence factors, including Plc enzymes. M. tuberculosis ⌬tat mutants are required to directly test the role of the Tat pathway in M. tuberculosis virulence; however, the potential for an M. tuberculosis ⌬tat mutant to exhibit a growth defect in vitro may complicate such analysis.
Our demonstration of the existence of a functional Tat pathway in mycobacteria brings us closer to understanding the protein export systems that function in mycobacterial physiology and pathogenesis. Knowledge of the Tat pathway may also benefit the development of novel tuberculosis vaccines. Recombinant Mycobacterium bovis BCG strains with improved secretion capability and/or the ability to export foreign antigens have been proposed as a vaccine strategy (31, 34) . Since the Tat pathway is capable of exporting folded proteins, it could be the ideal mechanism for secreting highly expressed proteins and foreign antigens. Finally, the ЈBlaC reporter system should serve as a powerful genetic tool for studying protein export directly with M. tuberculosis and help us identify the complete set of M. tuberculosis Tat-dependent exported proteins.
